We experimentally studied the spreading dynamics of binary alcohol mixtures (and pure liquids for reference) deposited on a heated substrate in a partially wetting situation, under non-isothermal conditions. We show that the spreading mechanism of an evaporating droplet exhibits a power law growth with early-stage exponents that depend strongly and non-monotonically on substrate temperature. Moreover, we investigated the temporal and spatial thermal dynamics in the droplet using infrared thermography revealing the existence of unique thermal patterns due to thermal and/or solutal instabilities which lead to surface tension gradients, namely Marangoni effect.
INTRODUCTION
Spreading and evaporation behaviour when a droplet impinges on a solid substrate are phenomena encountered in a wide number of physical processes and are of relevance to many technological fields such as microfluidics, coating, ink-jet printing technologies, material processing [1] [2] [3] [4] [5] [6] [7] [8] . Indeed, droplet wetting, spreading and evaporation are of key importance for many applications and the underlying mechanisms of these phenomena are still under investigation and are recognised as crucial in a wide range of biological, natural and industrial processes [9] [10] [11] [12] . The spreading and evaporation of a liquid over a solid surface is a complicated free-boundary problem characterized by the presence of a moving contact line involving three phase (liquid, vapour, and solid) interactions through coupling by conduction with the substrate, convection/conduction within the liquid drop and convection/diffusion in the vapour phase. When the fluid impacts on a solid surface, it is initially in a transient, capillary flow and the wetted contact area moves until the liquid-solid-vapour system reaches an equilibrium state with a minimum energy configuration. The first moments of spreading behaviour tend to be rapid and the nature of the boundaries governing the dynamics on how the drop reaches a stationary state vary depending on parameters such as surface chemistry, liquid physicochemical properties and environmental conditions 1,3,6,13 .
Many experimental and theoretical studies have been devoted to understanding the evolution of the internal flows generated within a spreading and evaporating liquid droplet, and have a drastic effect on the wetting kinetics. These generated flows within the droplets are significantly affected by liquid viscosity, surface tension forces, density and the wettability of the substrate surface, hence influencing the spreading behaviour of the liquid. However, applying heat (by e.g. a heated substrate) to a liquid phase, the evaporation rate is increased inducing high temperature imbalances within the drop and in turn generating variations of the physical properties. Temperature variation at the interface induces non-uniform thermal energy exchanges influencing significantly the evaporation mechanism and in turn affecting the wetting state. These interactions between wetting transitions and surfaces have been one of the most active subdisciplines in the field of liquid phase transitions over the last two decades [14] [15] [16] .
In the case of single-component droplets, the characteristic flow within the droplet is found to be an outward flow raised from mass conservation to replenish fluid evaporating preferentially at the outer edge of the droplet 9, 17, 18 . During the evaporation of volatile droplets, thermocapillary instabilities, known as Marangoni instabilities, are developed when the system is subjected to sufficiently strong surface tension gradients.
The origin of this fluid flow, in volatile liquid droplets, is the Marangoni flow which is driven by surface tension instabilities along the surface of the liquid due to temperature gradients 10, 18 . Bénard 19 and later Pearson 20 presented a theoretical investigation about the role of surface tension in this phenomenon. Ghasemi et al. reported that the flow in an evaporating water droplet which is in a reduced pressure environment is driven mainly by thermocapillary convection i.e. temperature gradients 21 . This pointed out the important role of the Marangoni flow in the energy transport mechanism, as the evaporation rate increased in the case of reduced pressure conditions. The significant contribution of Marangoni stresses, i.e. intensity and orientation of the generated flows, in a single-component system depends on the relative thermal properties of the substrate and the liquid, the experimental conditions and liquid geometry [22] [23] [24] [25] . Generally, surface-tension-driven flows in single-component volatile droplets, e.g. water, are essentially thermocapillary in nature.
For binary and generally multicomponent droplets the physical behaviour poses many challenges as it can be more complex. Previous studies with droplets formed from binary mixtures of water with alcohol (methanol 26 , ethanol [27] [28] [29] [30] and 1-propanol 31 ) showed a rather complicated behaviour during the evaporation process compared to those of pure liquids. The evaporation mechanism of these binary mixtures in particular involves three distinct stages; a first stage, where the more volatile component (alcohol) migrates to the liquid interface and in principal evaporates first, a second stage which is transitional and involves evaporation from both components (mixed stage) and a last stage which mainly consists of the evaporation of the less volatile component of the mixture although residual amounts of the alcohol phase may still exist in the solution [26] [27] [28] 32, 33 . Moreover, it is thought that the final stage of evaporation mirrors the behaviour of pure liquids.
Previous studies investigating the first seconds of an spreading droplet evaporating on a solid surface revealed that the underlying causes of the observed mechanism are related to inertia, capillary and viscous forces 1,3,6,34 . More specifically, during spreading, the contact line moves radially outwards from the contact point and the droplet wets a circular area of radius ( ). The unbalanced horizontal Young force:
(cos − cos ) drives the droplet to spread on the substrate until it reaches the final equilibrium contact angle , where is the liquid-vapour interface surface tension and θ the instantaneous contact angle. Numerous experimental and theoretical studies of spreading droplets have shown that an inertial regime exists ahead of the viscous regime [35] [36] [37] [38] [39] [40] [41] . This rapid early stage of wetting lasts only a few milliseconds and, for completely wetting surfaces, it is well described by an exponential power law, ~ Vochten and Petre were the first to report that for dilute aqueous solutions of high carbon alcohols (number of carbon atoms  4), the temperature dependence of the surface tension showed a minimum at certain temperatures and the surface tension dependence turned to be positive in the higher temperature region beyond the bounds of the minimum 44 . This behaviour leads to a non-linear thermocapillary effect which was studied by Oron et al. 45 and later by Slavtchev and Miladinova 46 . Dilute aqueous solutions of alcohols such as butanol, pentanol, hexanol etc. can be considered ''selfrewetting" fluids because of the anomalous (non-monotonic) dependency of the surface tension with temperature in a range of concentration [47] [48] [49] [50] . These solutions experience a well-defined minimum in surface tension dependence on the temperature i.e. (quasiparabolic) non-linear behaviour, where the surface tension increases as the temperature rises above a certain point. Thus, for evaporation based applications (such as heat pipes) in which the temperature will rise as the outbreak of dry-out occurs, these alcohol mixtures ''self-rewet" by moving towards the hot spots where the surface tension is increased and enhance the heat transport rate and the thermal performance of the systems 51 . These binary fluids have recently been investigated by many researchers and are proposed as new innovative operating fluids for advanced heat transfer technologies, e.g. heat pipes or heat spreaders for terrestrial and space applications [51] [52] [53] [54] [55] [56] [57] [58] . Figure 1 gives an illustrative plot of the behaviour of ordinary liquids and selfrewetting aqueous alcohol solutions as a function of temperature. Since these solutions contain a water fraction in excess of the azeotropic composition, the alcohol-rich component preferentially migrates in the course of liquid/vapour phase change and evaporates first. In turn, this results in concentration gradients in the liquid/vapour interface. The presence of liquid-vapour gradients (concentration and/or temperature)
at the vicinity of the triple contact line leads to spontaneous liquid inflows directed from the colder region to the hotter side, for temperatures above the minimum of the surface tension ( Figure 1 ). In this case, the convection mechanism is driven by the reverse Marangoni effect 59, 60 . Therefore, the induced Marangoni convection flows may play an important role in energy transport phenomena 21, 61, 62 . uniformly heated substrate under non isothermal conditions. We particularly focused on the first seconds of the wetting behaviour for two cases of alcohol mixtures: water -1-butanol 5% vol. and water -1-pentanol 2% vol. We also experimentally investigated for the first time, using IR thermography, the flow patterns in the spreading evaporating droplet arising from the contact with different heated substrates and the non-uniform evaporation which drastically affect the wetting ability and thus the spreading mechanism. The nature and the evolution of the complex thermal patterns (internal flows) generated within the spreading binary droplets were discussed in terms of contact line dynamics, heat transfer phenomena and the contribution of Marangoni convection.
EXPERIMENTAL METHOD
The first step in our experiments was to prepare solutions using pure alcohols: 1-butanol (Sigma-Aldrich Co. LLC. 360465) and 1-pentanol (Sigma-Aldrich Co. LLC. 398268) with specific concentrations: water -1-butanol 5% vol. and water -1-pentanol 2% vol. At early times of spreading when the droplet was a spherical cap the profile was fitted using Young-Laplace equation 63 and values for the droplet base radius , height ℎ, volume , surface area and contact angle were extracted from the dedicated software. Pendant drop method analysis was used to measure interfacial tension of the fluids using the FTÅ200 apparatus. This method involves the determination of the profile of a drop of one liquid suspended in another liquid or fluid at mechanical equilibrium. The profile of these drops was determined by the balance between gravity effect and the surface forces. More specifically, a heating bath regulator containing water (and placed next to the FTA apparatus) was used to set the required temperature of the liquids. Syringes (2mL) with the desirable liquids were dipped in the heated bath until reached the set temperature. Thermocouples (K-type) were placed in the heated water bath and in the core of the syringe to control accurately the temperature of the liquids, concurrently. The front side (tip) of the syringe was sealed before immersion in the heated bath, using a high temperature (up to 300 o C) tacky (but easy to remove) tape with excellent resistance to water, water vapour, and alcohols. Since the time that was needed to remove the syringe from the bath place it in the pump driven motor system of the FTA apparatus, and subsequently extract a pendant drop resulted in a small temperature decrease of the liquid, the bath was set at a slightly higher temperature. In this way, we accounted for the inevitable small drop during the transfer.
Furthermore, the use of thermocouples in the core of the syringe helped to monitor the temperature and reach the desire temperature for our experimental study with an error Infrared Photon FPA detector of the camera has spectral range between 8 and 9 μm in the longwave infrared spectrum with a high resolution of 320 x 240 pixels, thermal sensitivity of 20 mK at 30°C and an accuracy of ±1°C for temperatures up to 150°C.The infrared camera detector is Stirling cooled to 70 K with cool down time < 6 min. The images were obtained at 50 frames/s using a camera fitted with a microscope lens with 10 × 7.5 mm 2 field of view and 26 mm minimum focal length. The infrared system provides automatic transmission correction of temperature, based on atmospheric temperature, relative humidity, input distance from the object and emissivity of the object. The IR camera was used with a dedicated PC for acquisition, with specialized software (ThermaCAM Researcher Professional 2.9 ® ) for image post-processing. The emissivity of the binary mixtures was close to that of pure water (~0.95) and it is a fixed parameter to accurately measure the liquid surface temperatures 14 . It is worthwhile noting that the emissivity of the pure 1-butanol droplets was dependent on the liquid thickness 14 , as it is a semi-transparent fluid to IR at the camera wavelengths of 8 -9
μm. Thus, in our present study, the obtained IR measurements for the butanol cases must be interpreted with care as the IR camera gave an indication of the temperature profile of the liquid close to the liquid interface but not of the interface itself 13 . The total energy measured from the IR camera was the emission of the energy coming from the solid (glass substrate), the reflection of ambient radiation from the liquid-vapour and liquid-solid surfaces, and the emission from the bulk of the liquid (due to its small liquid thickness). For this part of the experiment, the droplets were deposited onto the glass coverslip and the ceramic substrate by means of a syringe pumping device. The substrates were heated-up uniformly in the same way as with the experiments conducted with the FTÅ200 apparatus. The thermal imaging camera was vertically mounted at the top of the droplet. Before performing the experiment, we checked that substrate temperature homogeneity was stable at ± 0.5°C with the use of thermocouples (K-type) in addition to the adopted PID controller. The infrared camera recorded radiation coming from the fluid volume and the heated substrate and the spatial and temporal temperature data of the droplet surface field were acquired. Uncertainties observed in wetted radius r and contact angles θ measurements are due to the FTÅ apparatus errors, around 3%. Figure 6 . The obtained spreading exponents (Table   1) power-law exponents were calculated to be from ~0.1 to ~0.2, in all cases examined.
Another important feature revealed was the presence of a transition regime in the spreading profile of the droplets between the first and second stages. The latter corresponded to the shift from inertial to viscous spreading regions which lasted as long as the capillary wave became pronounced over the bulk of the liquid. Upon droplet deposition on the surface, the capillary wave generated at the bottom of the drop,
propagates upwards to the top of the drop and then back while the contact line is moving. However, the generation and propagation of the capillary wave initiated at the contact line may be the rate limiting process as there is a critical wavelength below which surface tension forces dominate the capillary wave propagation 38, 41 . Thus, in our cases, the observed transition regime may explain the slightly higher exponents obtained for the second stage of wetting compared to the Tanner's law, in agreement with previous studies 39, 40, 42 . closer to the contact line. As time evolved, after droplet deposition, the liquid surface temperature rapidly increased. The contact angle of the droplets decreased significantly after contact so does the liquid thickness, which relates to lower thermal resistance, and the evaporation rate of the system was remarkably increased. This led to faster depletion of the liquid phase. Therefore, at the vicinity of pure 1-butanol droplets' (approximate) contact line (dashed lines in Figure 9 ), the apparent emissivity became very small leading to higher uncertainty in the total energy that was emitted from the liquid phase due to energy reflected by both the liquid-vapour and the liquid-solid interfaces.
Furthermore, as the 1-butanol is semi-transparent to infrared radiation at the wavelengths used from the camera (see also experimental section), the obtained IR measurements for the butanol cases reflected the temperature profile close at the liquid interface but not of the interface itself; thus the indicated temperatures must be interpreted with care. In Figure 10 , we show the IR images for the water -1-butanol 5% vol. where the generation of theses characteristic thermal instabilities within the evaporating self-rewetting droplets was further verified and more details of the process can be seen.
Upon droplet deposition on the heated substrate, temperature gradients develop during the evaporation (and spreading) from the apex of the droplet and the contact line, resulting in surface tension gradients. Temperature (and/or composition) instabilities on the free fluid interface are known to generate Marangoni stresses and a flow that will drag the fluid from warm regions, where the surface tension is low, to cold regions, where the surface tension is high. The latter induces thermal-solutal convective phenomena within the droplet and these are observed as thermal patterns. In the initial moments of the binary droplet spreading, the thermal field exhibited a very intricate and unbalanced evaporation-driven interfacial motion which covered completely the interface. As time progressed, this thermal motion gradually reduced its area of activity (decrease of temperature gradients) and finally disappeared completely following the characteristic motionless temperature field of pure water drops, as seen in Figure 8 . The disappearance of these characteristic thermal patterns (t > ~3 s) can be determined as the moment of depletion of the alcohol phase (Figures 11 -12 ). It is worthwhile noting that at later times of evaporation; ~ 3 s, at substrate temperatures of ~60 o C and ~90 o C, the presence of small random convection cells was observed which could be generated by the existence of thermal gradients (thermal Marangoni effect) within the droplets.
Additionally, whatever is the stage of the evaporating droplets (both pure and binary liquids), the infrared visualization confirms the fact that the temperature of the droplet is hotter near the triple contact line and colder in the centre (apex). Additionally, the thermal activity of self-rewetting droplets; water-1-butanol 5% vol., on a different heated hydrophilic substrate was examined. Experiments consist of depositing spherical binary alcohol droplets on a heated ceramic (AlN) substrate (different thermal conductivity compared to glass substrate, ~100 times higher 65, 66 ) with volumes from around 3 to 5 ±0.2 μL and initial temperature 9±1 for both substrates i.e. glass and ceramic, examined in this study. However, the wavelength of droplets depositing on the ceramic substrate compared to glass increased as the thermal conductivity of the ceramic is higher 65, 66 . Furthermore, the binary droplets evaporating on the ceramic substrate reached a uniform temperature field much quicker (well before ~3 s) than those deposited on the glass surfaces owing to the higher heat transfer rate. The thermal activity and the generation-presence of characteristic thermal patterns i.e. number of waves, wavelength and intensity, at the interface of evaporating self-rewetting droplets was clearly affected from the substrate properties and the applied temperature. As the evaporative process proceeds, the number of waves formed follow an (approximately linear) decrease with time which is consistent with the driving mechanism of these thermal patterns. As the binary sessile droplet evaporated and heated up by the substrate, the overall concentration and temperature gradients along the free surface decreased which led to an accompanying decrease of the driving force of these patterns (Marangoni stresses). In the later stage of evaporation, the driving force (gradients) became sub-critical for the development of thermal patterns and it appeared difficult to follow those using the IR camera (Figures 10 -13 ). The IR thermography visualizations of the temperature profile for water-1-pentanol sessile droplets on both substrates gave similar results to water-1-butanol droplets. 
DISCUSSION
Generally, convection for volatile small drops, can be either gravity or surface tension driven (Marangoni effect). The capillary length is given by = √ (g is the acceleration of gravity and liquid density) and therefore, for sessile droplets with height ℎ < (small droplets) Benard-Marangoni convection, surface tension forces at the liquid/air interface, was likely to dominate the effect of gravity. In the present study, we examined water-alcohol droplets with an initial height (as given by the height at the apex; largest droplet dimension) from ~0.5 to ~1.7 mm which is smaller than the capillary length, calculated at around 1.9 mm. Thus, the convection mechanism at the early stages of spreading is unlikely to be buoyancy driven since the initial sizes of the droplets are small, i.e. below capillary length. This implies that the droplets will not be deformed by gravity and will adopt a spherical-cap shape. In turn, convection at the early stage of wetting is the result of surface-tension-driven flows either thremocapillary (temperature gradients) and/or solutal (concentration gradients) in nature and could not be described simply by evaporative flux, outward flow as suggested by Deegan et al. 9 .
The spreading exponent of the early stage growth ( 1 ) which determines the initial spreading speed rate was found to depend on the substrate temperature for all the liquids used. It is well-established that in evaporating sessile droplets, there is continuous outward flow driven by mass conservation 9 because of the higher evaporation rate near the triple contact line which leads to (small) temperature differences. In our experiments, at the early stages of wetting, the temperature differences between the triple-contact-line and the rest of the liquid phase were observed to be larger at higher temperatures as visually displayed in the IR thermography images (Figures 8 -13 ).
These temperature differences led to strong surface tension differences and thus to more intensive and agitated thermocapillary flows (Marangoni stresses) 10 . For pure liquids, the temperature dependence of the surface tension is linear (Figure 4 (a) ) which leads to a linear increase of the spreading exponent when the temperature of the substrate is increased (Figure 7 (a) ). Interestingly, in the case of the alcohol mixtures, the nonmonotonic dependence of the surface tension with the temperature (Figure 4 The characteristic thermal patterns observed in our experiments confirmed that the Marangoni instabilities induced characteristic thermal travelling waves and showed that the evaporation rate of these sessile water-alcohol droplets cannot be described by a vapour diffusion mechanism alone. The fact that the thermal patterns were more prominent for higher substrate temperatures indicates that the Marangoni-induced flows contributed more significantly to energy transport phenomena as the temperature differences were higher. By the end of the first stage (inertia-capillary region), most (if not all) of the alcohol phase (butanol or pentanol) would have evaporated and also the temperature differences over the droplet would have become smaller, as the capillary waves propagate within the droplet. Thus, concentration and temperature gradients appeared to be weak to sustain the flows and the solutal-thermacapillary Marangoni stresses became sub-critical. In addition, the frequency of observed thermal waves decreased as the droplets' heating and evaporation proceeded ( Figure 14) . Another feature revealed in this work was that the number of the thermal waves significantly decreased (but they were more intense) as the temperature of the substrate was increased as well as when the thermal conductivity of the substrate was higher.
Finally, it is worth noting that for short chain alcohol molecules (such as butanol and pentanol used in this study) the alcohol-rich phase has a tendency to completely wet the air-water interface; this tendency is more pronounced for shorter alcohol chain lengths and at higher temperatures 67, 68 . The shorter chain alcohol is characterised by a better surface activity at the interface separating air and the aqueous phase. Hence the transfer of alcohol molecules from the bulk phase to the interface is more energetically favourable for the shorter alcohol chain length. This may explain the different spreading exponents between the two binary mixtures (Figure 7 (c) ) for higher substrate temperatures connected with the surface tension -temperature dependence and the generated surface tension gradients of these binary droplets.
CONCLUSIONS
We investigated the fluid contact line dynamics combined with infrared thermography imaging of evaporating sessile droplets of self-rewetting liquids under controlled experimental conditions. We have shown that the early stage of spreading on partially wetting substrates depends strongly on the substrate temperature. The exponent of the very first initial stage of spreading was close to 0.5 at substrate temperature of 30 o C and increased non-monotonically at higher temperatures. This is consistent with the anomalous surface tension behaviour (at a particular range of temperatures) of these self-rewetting liquids. The second stage exponents was found to be from around 0.1 to 0.2 consistent with the presence of a viscous-capillary balance regime. Furthermore, we observed the spontaneous appearance of characteristic thermal travelling waves which were developed along and across the free interface of the evaporating droplets. The latter was due to the spontaneous segregation of the more volatile components namely 1-butanol and 1-pentanol in the binary solutions. Surface-tension-driven (Marangoni convection) thermal patterns occurred and were attributed to the temperature and/or concentration gradients hence influencing significantly the early-times spreading dynamics. It was further verified that the applied temperature and the properties of the substrate affected the orientation and intensity of the generated 'flowery' thermal patterns.
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